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Abstract: We argue that the Maldacena-Nu~nez no-go theorem excluding Minkowski and
de Sitter vacua in ux compactications can be extended to anti-de Sitter (AdS) vacua
for which the Kaluza-Klein scale is parametrically smaller than the AdS length scale. In
the absence of negative tension sources, scale-separated AdS vacua are ruled out in 11-
dimensional supergravity; in 10-dimensional supergravity, we show that such vacua can
only arise in conjunction with large dilaton gradients. As a practical application of this
observation we demonstrate that the mechanism to resolve O6 singularities in massive
type IIA at the classical level is likely not to occur in AdS compactications with scale
separation. We furthermore remark that a compactication to four observable dimensions
implies a large cosmological hierarchy.
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1 Introduction
In any theory with extra dimensions, one is faced with the problem of stabilizing the extra
dimensions at unobservable length scales. In string theory, uxes provide a mechanism for
stabilizing compact directions, however assuring that these compactications are genuinely
four-dimensional requires that the masses of the Kaluza-Klein (KK) modes are out of the
reach of four-dimensional observers. It is believed that string theory provides a vast land-
scape of vacua which exhibit this separation of scales.1 This landscape, and a mechanism to
populate it, is frequently employed to argue for an anthropic selection of the cosmological
constant.
More concretely, a solution is scale separated if the KK-scale, MKK, can be decoupled
from the scale of the cosmological constant, M:
M
MKK
 1 : (1.1)
For example, Minkowski vacua are automatically scale separated once the extra dimensions
are compact, since M = 0. However, in the most straightforward ux compactications
it is usually dicult (or impossible) to achieve this separation of scales.
There is a close connection between scale separation (1.1) and the cosmological con-
stant problem, which is often stated as M MPlanck. The appearance of the Planck scale
in this inequality originates from the cut-o scale of a quantum eld theory; usually the
cut-o is taken to be the Planck mass since new physics must enter at that scale. However,
if new physics enters before the Planck scale, it is more reasonable to state the cosmological
constant problem in terms of this scale:
M
MNewPhysics
 1 : (1.2)
1A good overview can be found in [1{3]. Critical remarks about the mathematical evidence for a
landscape can be found in [4].
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Clearly the KK-scale will introduce new physics in any theory with extra dimensions,
therefore it is safe to treat MKK as MNewPhysics. It therefore seems that the string landscape
is by denition a landscape of vacua with a cosmological constant problem.
Loosely speaking, the ux vacua of the landscape can be divided into two classes: rst,
quantum corrected no-scale vacua and second, tree-level AdS vacua. The rst class is based
on the classical four-dimensional Minkowski solutions of [5, 6], which have moduli that are
stabilized by perturbative and non-perturbative eects resulting in AdS vacua [7, 8], or
perhaps even de Sitter vacua [9]. The second class of vacua have all moduli stabilised
at the ten-dimensional supergravity level and have only been found in massive type IIA
supergravity with intersecting O6 planes [10{14]).2
These two constructions have one property in common: some ux charges are cancelled
by orientifold planes. One of the main points of this paper is to emphasize that this is
no coincidence and that no scale separated vacua can be found in supergravity without
the introduction of negative tension objects. The rough idea is as follows, the Maldacena-
Nu~nez (MN) no-go theorem [17] (rst pointed out in [18, 19]), shows that, at the level
of ten-dimensional supergravity, ux compactications can only lead to Minkowski or de
Sitter vacua if negative tension objects (such as orientifolds) are present. Although the
string landscape consists of many AdS vacua, they all exhibit a hierarchy of scales in
order to be perceived as four-dimensional. Our expectation is that any mechanism that is
required to get   0 is also at work for negative but small . In other words: the same
assumptions in the MN theorem that exclude Minkowski and de Sitter vacua can be used
to exclude AdS vacua that are genuinely four-dimensional.
As an application of this idea we comment on a mechanism for resolving orientifold
singularities found in [20, 21]. The mechanism arose from a study of AdS ux vacua with
scale separation within classical ten-dimensional supergravity. Using the ndings in this
note, we can argue that the classical resolution most likely does not occur when the AdS
vacua feature scale separation.
2 What is required for separation of scales?
As discussed in the introduction, a realistic compactication of a theory with extra di-
mensions requires a hierarchy of scales. The mass of the lightest massive Kaluza-Klein
mode must exceed that set by the cosmological constant, MKK  M. In order to verify
this hierarchy for a given compactication, we must calculate both MKK and the cosmo-
logical constant . Although it is often easy to determine , the calculation of MKK
requires detailed knowledge of the geometry of the internal manifold, M. One must nd
the lowest-lying non-zero eigenvalue of the Laplacian onM, but this is usually not feasible.
In order to set the stage, we write the D-dimensional metric as a warped product of a
maximally symmetric 4-dimensional metric and d extra dimensions,
ds2 = e2A(y)~gdx
dx + gmndy
mdyn : (2.1)
2In type IIB similar constructions can be made but they are less understood [15, 16].
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The 4-dimensional metric is g = e
2A(y)~g , where ;  = 0; : : : ; 3, and gmn is the internal
d-dimensional metric of the compact manifold M, with m;n = 1; : : : ; d. The full D-
dimensional metric is denoted by gMN where M;N = 0; : : : ; D   1. Since we take ~g to
be maximally symmetric, the scale of the cosmological constant can be written simply in
terms of the constant Ricci scalar of the unwarped metric. Specically, the scale M is
dened via the observationally relevant vacuum energy density, M2Pl:
M4 = M
2
Pl =
1
4
M2Pl
 ~R4 : (2.2)
This unwarped curvature is related to the full 4-dimensional curvature via:
e4AR4 = e
2A ~R4  d(e4A) : (2.3)
Furthermore, in any warped compactication, the observed value of the 4-dimensional
Planck mass is:
M2Pl = M
d+2
D
Z p
gd e
2A ddy ; (2.4)
where MD is the D dimensional Planck mass.
We estimate MKK by the a warped internal curvature,
M2KK  min

m2KK(y)

where m2KK(y)  e2ARd ; (2.5)
where Rd is the curvature scalar of the internal manifold. Our estimate of MKK includes
the eect of warping to account for gravitational redshifting within highly warped regions
(in agreement with, e.g., [22]). Its dependence on the internal curvature is inspired by a
theorem of Lichnerowicz [23] which states that a compact manifold with a bounded Ricci
curvature
Rd  (d  1)k > 0 ; (2.6)
where k > 0 is some constant, has a lower bound on the rst non-zero eigenvalue of the
Laplacian,3 1  kd. This is applicable to our case since we will see that the internal
manifolds are positively curved. Our goal in this section is to nd a bound on the ratio
MKK=M in a broad class of ux compactications of 10- and 11-dimensional supergravity,
thereby measuring separation of scales in these compactications. The weak point in our
argument will be the estimate above; our results will not hold for compactications in
which MKK greatly diers from (2.5).
Now that M and MKK have been dened in terms of curvature scalars, we can use
the Einstein equations to write them in terms of the matter content:
R4 =
d  2
d+ 2
T4   4
d+ 2
Td ; (2.7)
Rd =   d
d+ 2
T4 +
2
d+ 2
Td ; (2.8)
3The Lichnerowicz theorem applies to the Laplacian acting on scalar functions, in string theory one also
encounters more general operators such as the Hodge-de Rham operator acting on p-form elds. Masses of
the resulting modes will therefore be determined by the eigenvalues of the corresponding operators.
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where
R4 = g
R ; T4 = g
T ; Rd = g
mnRmn ; Td = g
mnTmn :
In [18, 19] and later in [17] it was realized that for theories with neither positive potentials
nor negative tension sources, all terms on the right hand side of eq. (2.7) are negative
denite, thus, ruling out de Sitter vauca. However, they did not rule out the possibility
that R4 is very small and negative, giving rise to a scale separated vacuum; this is exactly
the possibility we are investigating.
The equations (2.7){(2.8) play an important role in measuring scale separation, as we
see below. Of course, the observationally relevant quantity is M4 = M
2
Pl, so we compare
this to M4KK to obtain a dimensionless measure of scale separation. However, we nd below
that it is convenient to instead bound the right-hand side of:
M4KK
M2Pl
<
hm2KKi

; (2.9)
where
hm2KKi =
R p
gd e
2A m2KK(y) d
dyR p
gd e2A d
dy
: (2.10)
The inequality follows from the fact that MKK < MPl for any well-posed KK analysis and
M2KK < hm2KKi. Therefore, the right-hand side of eq. (2.9) becomes
hm2KKi



R p
gd e
4A Rd d
dyR p
gd e2A ~R4 d
dy
 =

R p g Rd dDXR p g R4 dDX
 
R RdR R4
 : (2.11)
We conclude that any scale-separated vacuum (i.e. a vacuum with MKK  M) must
satisfy: R RdR R4
 1 : (2.12)
If we are interested in AdS vacua possessing the same level of scale separation as our
vacuum, we can estimate a lower bound of the left hand side of (2.9). A reasonable lower
bound of the KK scale is MKK  TeV [24], and using the observed value of , we see that
the ratio is 1060.
Using equations (2.7){(2.8) and other equations of motion we will show that in order
to obtain this kind of hierarchy the same ingredients must be present as are required
for a de Sitter or Minkowski compactication, i.e. orientifold planes or higher derivative
corrections [25]. To do so we will work under almost the same assumptions as in [17].
First we specialize to 10- or 11-dimensional supergravity and exclude all higher-derivative
corrections. Second, we assume that spacetime is a maximally symmetric four-dimensional
manifold, while the remaining d-dimensional manifold is compact. Strictly speaking, [17]
also applies to non-compact manifolds where the warp factor is allowed to go asymptotically
to 0, but we will not consider these cases.
We warm up by looking for scale separation in 11-dimensional supergravity, simply
because it has fewer ingredients. After making the strategy clear in M-theory we will
proceed to the 10-dimensional calculation where we also include the eect of D-branes.
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Our derivation is inspired by the derivation in [16], which applies to the special case of
unwarped solutions in IIA/IIB with constant dilaton.
2.1 Scale separation in 11 dimensions
The bosonic part of the eleven-dimensional supergravity action is particularly simple:
S11 = M
9
11
Z
d11X
p g

R  1
2
jF4j2

  1
6
M911
Z
F4 ^ F4 ^A3 ; (2.13)
with
jFnj2 = 1
n!
FM1M2MnF
M1M2Mn ; F4 = dA3 :
Calculating the energy momentum tensor and plugging in eqs. (2.7) and (2.8) yields
R4 =  4
3
jF4j2   8
3
jF7j2 ; (2.14)
R7 =
5
3
jF4j2 + 7
3
jF7j2 : (2.15)
In these expressions we only make use of magnetic uxes, i.e. eld strengths with legs
entirely along the internal space. All external, or electric, uxes that appear throughout
the calculation are replaced by their magnetic duals, e.g. F7 = ?11F4.
We recognise that R4  0 as we expect from Maldacena-Nu~nez and R7  0. Taking
the integrated ratio we nd:R R7R R4
 = 5 R jF4j2 + 7 R jF7j24 R jF4j2 + 8 R jF7j2  54 : (2.16)
This obviously does not satisfy the requirement (2.12) and we conclude that scale separation
is not possible in M-theory with only uxes. Despite the result (2.16), many scale separated
vacua with uxes exist in M-theory, see for instance [26], but crucially rely on higher
derivative corrections, which we ignore.
It is somewhat surprising that we nd such a strong bound on the curvature scalars
in M-theory, given that constructions in massless type IIA with O6 planes uplift to purely
geometric compactications with uxes in 11 dimensions. Although it is counterintuitive,
the no-gos of [17{19] can also be applied to such constructions, ruling out Minkowski and
de Sitter compactications. This is conrmed by the results of [27], where it was shown
in 10 dimensions that O6 compactications, with all uxes turned on except the Romans
mass, can never lead to de Sitter vacua or substantial amounts of ination. The results of
this section can be applied to these compactications, ruling out scale separation even in
the presence of orientifolds.
2.2 Scale separation in 10 dimensions
In this section we treat type II supergravity in the democratic formalism:
S = M810
Z
d10X
p g
 
R  1
2
(@)2   1
2
e jH3j2   1
4
X
n
e
5 n
2
jFnj2
!
; (2.17)
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where in the sum over p we have
n =
(
1; 3; 5; 7; 9 type IIB
0; 2; 4; 6; 8; 10 type IIA,
(2.18)
and F0 is the Romans mass. In the democratic formulation the duality relation between
RR eld strengths must be imposed on-shell
F10 n = e
5 n
2
( 1) (9 n)(8 n)2 ?10 Fn :
We use this relation to treat all uxes as internal, or magnetic. This is not strictly necessary,
however in all cases one can dualize the result so that only magnetic uxes appear.
For completeness we will also include the eects of localized D-branes. This amounts
to adding
Sloc =  Npp
Z
p+1
n
e
p 3
4

p
 P [g] + ( 1) p(p 1)2 P [Cp+1]
o
; (2.19)
to the action (2.17), representing Np D-branes of charge p coupled to the gauge potential
Cp+1, given by:
Fp+2 = dCp+1  H3 ^ Cp 1 : (2.20)
The symbol P [   ] denotes the pullback of the corresponding bulk elds onto the sub-
manifold p+1 which the brane wraps. Note that in order to preserve Lorentz invariance,
the brane must wrap the 4 spacetime dimensions and p 3 internal directions. Calculating
the energy-momentum tensor of the matter elds and sources and plugging them into
eqs. (2.7) and (2.8) we nd:
R6 =
1
2
(@)2 +
3
4
e jH3j2 +
X
n6
3 + n
8
e
5 n
2
jFnj2 +
X
p3
15  p
8
Nppe
p 3
4
(p+1) ;
R4 =  1
2
e jH3j2  
X
n6
n  1
4
e
5 n
2
jFnj2  
X
p3
7  p
4
Nppe
p 3
4
(p+1) ; (2.21)
where (p+1) is a Dirac delta function that localizes the D-brane contribution onto the
brane worldvolume. Again, we see that R6 > 0 and R4 < 0 as expected from the no-go
theorems of [17{19].
To simplify the following equations we dene
h =
Z
e jH3j2 ; fn =
Z
e
5 n
2
jFnj2 ;
dp = Npp
Z
p+1
e
p 3
4

p
 P [g] ;  =
Z
(@)2 :
(2.22)
The integrated curvatures then reduce toZ
R6 =
1
2
 +
3
4
h+
X
n
3 + n
8
fn +
X
p
15  p
8
dp ;Z
R4 =  1
2
h 
X
n
n  1
4
fn  
X
p
7  p
4
dp :
(2.23)
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We will now measure scale separation, as before, by examining the ratio of the curva-
tures: R R6R R4
 = 12 + 34h+
P
n
3+n
8 fn +
P
p
15 p
8 dp
1
2h+
P
n
n 1
4 fn +
P
p
7 p
4 dp
: (2.24)
This expression suggests a number of ways to construct a vacuum with a large hierarchy of
scales: in type IIA one can seemingly arrange for the Romans mass (in this equation f0) to
cancel the uxes so as to obtain a small (or even positive) cosmological constant. This point
was specically addressed in [17] where it was shown that the equations of motion forbid
such a cancellation. A more promising avenue is to exploit the fact that contributions from
the dilaton, , the type IIB axion, f1, and D7-branes, d7, only appear in the numerator
of eq. (2.24). One can then dial up these contributions in order to obtain a large ratio.
This suggests that type IIB/F-theory compactications could have an abundance of scale
separated vacua, provided they can be stabilized with uxes.
Using the dilaton equation of motion, we can further simplify this expression. Going
back to (2.17) and (2.19) we nd the integrated dilaton equation of motion implies
1
2
h 
X
n
5  n
4
fn  
X
p
p  3
4
dp = 0 : (2.25)
Using this to replace h in (2.24) we nd:R R6R R4
 = 12 +
P
n
9 n
4 fn +
P
p
3+p
4 dpP
n fn +
P
p dp
: (2.26)
We now see that the only possibility for a hierarchy of scales is for
 
X
n
fn +
X
p
dp : (2.27)
Otherwise, if the dilaton gradients can be neglected, (2.26) is bounded by three.4
2.3 Alternative perspective: integration with dilaton weights
A complementary means reaching the conclusion above is to integrate all quantities with
some non-trivial weighting. Rather than integrating the curvatures (and the related equa-
tions of motion) solely with respect to the metric volume form
p g, one can integrate with
respect to ea
p g, where the constant a is chosen such that the combination eap g gMN
is invariant under the constant rescaling
gMN ! s gMN ; e  ! s2 e  Fn ! s
3 n
4 Fn: (2.28)
This rescaling is a symmetry of the classical equations of motion in the absence of sources,
and it is the combination
p g gMN which is relevant in determining how the integrated
curvatures
R
R4 and
R
R6 scale under it. Invariance of the integrated curvatures dictates
that a = 2 is the appropriate choice.
4This conclusion can be reached in analogy with centre of mass computations; a weighted average,
rcom =
P
rimi=
P
mj , is bounded by the largest contribution, ri.
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Introducing a superscript `()' to denote the weighting, i.e.
h() =
Z
ejH3j2 ; f ()n =
Z
e
9 n
2
jFnj2 ;
d()p = Npp
Z
Np+1
e
p+5
4

p
 P [g] ; () =
Z
e2(@)2 :
(2.29)
we nd that the integrated Einstein and dilaton equations of motion becomeZ
e2R6 =
1
2
() +
3
4
h() +
X
n
3 + n
8
f ()n +
X
p
15  p
8
d()p ;Z
e2R4 =  1
2
h()  
X
n
n  1
4
f ()n  
X
p
7  p
4
d()p
(2.30)
and
  () + 1
2
h()  
X
n
5  n
4
f ()n  
X
p
p  3
4
d()p = 0 ; (2.31)
respectively. (The () term in the latter arises from integrating the  term by parts.)
Eliminating h() using the dilaton equation as before, we nd that the ratio of curvatures
becomes R e2R6R e2R4
 = 2() +
P
n
9 n
4 f
()
n +
P
p
3+p
4 d
()
p
() +
P
n f
()
n +
P
p d
()
p
: (2.32)
Therefore, integrating with respect to a weight that is invariant under the constant rescal-
ing (2.28) ensures that the resulting integrated curvature ratio is always bounded by three
(thus precluding scale-separated solutions). Nevertheless, it remains true that, if the dila-
ton has some wildly-varying prole in the internal dimensions, the ratio obtained in (2.32)
will cease to be an appropriate estimate of the degree of scale separation. It is in this sense
that this alternative approach agrees with the one used in deriving eq. (2.27).
3 An application: O6 singularities in massive type IIA
In this section we demonstrate that our ndings provide concrete insights for type IIA
ux compactications. It has been shown in [12] (see also [10, 11, 13, 14]), that O6
compactications of massive type IIA supergravity can have the following striking features:
rst, full moduli stabilisation at the classical level and second, an AdS vacuum where a
parametric separation of scales simultaneously suppresses derivative and loop corrections.
The parameter that allows for tuning is the ux quantum number, n, of the RR 4-form ux,
F4, that is not constrained by any tadpole condition. In particular one nds the following
dependence of the string coupling, KK scale and cosmological constant on n:
e  1
n3=4
;
M2KK
M2Pl
 1
n7=2
;
M2
M2Pl
 1
n9=2
: (3.1)
This good news comes at a cost: the backreaction of the O6-planes is only captured in
the limit where they are smeared over the compact dimensions. The validity of this ap-
proximation has been questioned in [28]. Unlike the standard type IIB compactications
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Figure 1. Figure 1b from [20]. The horizontal axis denotes the distance from the O6 source when
the solution is locally approximated to be spherically symmetric. The dotted line corresponds to
the string coupling and is practically at. The solid line is the warpfactor and indeed stays nite,
indicating a smooth geometry.
to 4-dimensional Minkowski space [5, 6], the backreaction has not been computed since
the compactication involves four intersecting O6-planes. Even in at space, supergravity
solutions describing 4 mutually orthogonal localised branes/planes are not known.
In reference [20] it was demonstrated that the solutions [10{14] become full-blown
dynamic SU(2) structures when the O6-planes are localised. Although the dynamic SU(2)
structure implies that the solution is hopelessly complicated, reference [20] provides some
reason for optimism: despite the presence of O6-planes, the fully back-reacted metric can
be regular. This is achieved at the 10-dimensional level when the Roman's mass is non-zero,
contrary to the usual massless resolution via an uplift to pure geometry in 11 dimensions.
We now argue that this resolution is unlikely to occur when back-reacting the O6-
planes of [12]. We do not claim that the resolution mechanism of [20] is invalid,5 instead,
we claim it does not occur in vacuum solutions with scale separation. Our reasoning is
rather simple. If the geometry is smooth in 10 dimensions, then the bulk eld equations are
satised without the need for explicit source terms. But without sources | particularly
negative tension sources | our results indicate that scale separation requires large dilaton
variation, a feature absent in the resolved O6 solutions of [20]. For clarity we have added
gure 1 of [20] showing the prole of the dilaton.6 From the gure one concludes that the
dilaton is nearly constant. The authors of [20] also solve the system perturbatively around
the massless O6 solution and nd that the dilaton is constant at rst order.
5In fact some extra evidence for the existence of the resolution mechanism was found from a eld theory
viewpoint [21].
6We are grateful to the authors of [20] for allowing us to reproduce this gure.
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4 Discussion
The purpose of this note is to establish conditions for constructing genuinely lower-
dimensional vacua. Our calculation applies to 10- and 11-dimensional supergravity with
uxes, excluding higher-derivative corrections. We nd that in the absence of the negative
tension induced by orientifold singularities, the level of scale separation is controlled by
dilaton gradients in 10-dimensional supergravity. In 11-dimensional supergravity we show
that scale separation is impossible. This shows that the usual no-go theorems of [17{19]
against Minkowski and de Sitter vacua from uxes extend to AdS vacua with small values of
the cosmological constant compared to the KK scale. This provides a natural explanation
for the observation in [29] that a class of warped AdS vacua has no solutions which exhibit
scale separation. We also demonstrate that the classical resolution of O6 singularities due
to Romans mass [20, 21] cannot take place in a compactication with scale separation
such as those of [12]. This is because these constructions do not exhibit the large dilaton
gradients that provide the only hope for scale separation in constructions without negative
tension sources. Finally, our results have immediate applications for model building.
As discussed in the introduction, any scale separated vacuum in a theory with extra
dimensions will have a cosmological hierarchy problem. This statement has implications
for the string landscape. In a theory with a landscape of vacua, many apparent ne-tuning
problems are solved by the anthropic principle. To avoid any use of anthropic reasoning,
either the landscape or a mechanism to populate it, e.g. eternal ination, should be absent
from the theory. As observers in a particular vacuum, the diculty lies in identifying when
to apply anthropic reasoning. It is widely accepted that the cosmological constant problem
can be solved by anthropic reasoning [30], whereas the number of macroscopic spacetime
dimensions might have a dynamical explanation [31]. Given the relation between the
cosmological hierarchy and scale separation, these viewpoints are inconsistent. So either we
have to accept that there is a dynamical mechanism for selecting 4 large spacetime dimen-
sions which implies a cosmological hierarchy (but softens it signicantly), or the reason we
observe 4 dimensions is anthropic. The rst possibility is clearly the more exciting option.
It is natural to think about scale separated AdS vacua from a holographic perspective.
In particular the questions, \When is the cosmological constant small with respect to the
KK scale?" and \Is there a landscape of such solutions?" should have a clear translation
in the dual CFT language. Some general properties of CFTs dual to scale separated
AdS vacua are known [32{34], e.g. they would exhibit a parametrically large gap in the
spectrum of dimensions of conformal operators. Although studying scale separation from
the holographic viewpoint would be of great interest, no explicit CFT example is known.
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